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FOREWORD

This report was completed under research and develop-
ment Expenditure Order No. RL52-1j95 Hydraulic and Pneumatic
System and Component Development. It was administered under
the direction of the Alircraft Laboratory, Aeronautical
Division, Wright Air Development Center, Air Research and
Development Command, Lt R, L. Vick and Mr., H. O, Hendrickson

acting as project engineers. This 1s the completed report
on this project.

The test artlicles were purchased from Purolator Products,
Inc., under Purchase Order No. (33-038)49-5051-E,




ABSTRACT

Standardization of a fixed two-way 3000 psi restrictor
valve, which would be reasonably independent of fluid vis-
cosity chgnges, was the main object of the development. All
tests were conducted at the Wright Air Development Center by
the Hydraulics and Pneumatics Section of the Mechanical Branch
of the Aircraft Labaratory. The tests and development result-
ed in gn orifice type restrictor valve with protective filters
for .067 inch diameter orifices and smaller and a restrictor
valve without filters for orifices above .067 digmeter. A
range of interchangeable standard orifice diameters is a
feature of the new valve design. For optimum standardlzation,
it is recommended that one type assembly be used, with unions
or adaptors as applicable, for the small orifices needing
filters and a larger size type for the larger orifices, not
requiring fillters.

PUBLICATION REVIEW

Manuscript copy of this report has been reviewed and
found satisfactory for publicatlion.

FOR THE COMMANDING GENERAL:
) quaanuhbﬂ%ﬂt,(Lsﬂf
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Colonel, USAF
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INTRODUCTION

Present-day restrictor vglve designs do not have the
features necessary for proper performance under all conditions
and, In addition, are not standardized for Military use. As
a result, and at the request of the Alrcraft Industry, the Air
Force agreed to undertake this development project In order
to develop a valve design which would incorporate the necessary
requirements and which could be a standard item for Military
procurement.

The Aircraft Industry, acting through the SAE A-6 committee,
submitted a tentatlive range of body and orifice sizes on which
to Initiate development. The Wright Air Development Center
established requirements in conformance with AN standards and
added requirements considered necessary for a satisfactory re-
strictor valve design.

The following features were required of thls restrictor
valve:

1. Must be designed for 3000 psi operation.
2. Low sensitivity to fluid viscosity changes.
2. Light welght.
« End bosses to provide maximum adaptability to
AN standard fittings.
5. Religbllity 1in service.

Since the simple orifice type restrictor vaglve incorporates
all of the above features except possibly the low sensitivity to
fluid viscoslty changes, it was decided to investigate the possi-
bility of designing an orifice that would have approximately the
sgme coefficlent of discharge at all temperatures,

If the orifice type proves satisfactory, two more features
are required:

1. Orifice protection from dirt, ete., in hydraulic
fluld.
2. A range of Interchangeable orifice diameters.

A conftract was awarded to Purolator Preduwcts, Inc., to mgnu-
facture vglve bodles, protective filters, and interchangeable

orifice plugs.
A Milltary Specification and Drawing wlll be prepared as a

result of work accomplished on this project and recommendations
of the Aircraft Industry.

WADC TR 52-153 vii




SECTION T

DETERMINATION OF THE BASIC
RESTRICTOR VALVE ORIFICE DESIGN

As explained 1n the Introduction, simple orifice type
restrictor vglves would seem very satisfactory for standardi-
‘ zgtion 1f an orifice could be designed to have low sensitivity
to fluid viscosity changes. -

Present orifice type restrictors have varying degrees of
wall thickness at the orifice and, through theory and experiments,
the sharp edged type has been found to function most consistently
at all viscosities. Long orifices are affected considerably by
viscosity change especlially at high viscosities,

A thin wall (.03l inch length) orifice was designed to give
satisfactory performance throughout the temperature range re-
quired (-65°F to +160°F),

Tests were run to determine the orifice configuration that
would be least susceptible to clogging by particles of O-ring or
dirt, etc. The shgrp edged orifice again was superior in that a
. .067 inch diameter sharp edged orifice would pass measured O-ring
particles which would not pass through a round edged .095 inch
diameter orifice. Extensive tests were performed on this particu-
- lar phase where various sizes and shapes of O-ring particles were
passed through orifices. The results merely emphasized the need
of fllters for orifice protection, especially in the smaller sizes.

A range of orifice diameters submitted by the Aircraft Indus-
try included the following: .016, .022, .028, .03%3, .04O, .OL6,
052, .059, .067, .08, ,095, .109, and .120 inch. The .016 inch
diameter orifice was not flow tested but its pressure drop vs. flow
curve could be easily calculated from other data included in
this report. This orifice would be more sensitive to viscosity
changes than the larger diameter orifices,

Previous service experience with orifice type restrictor
valves indicated that all orifices below .070 inches in diameter
should be protected by filters. In the clogging tests it was
found that in sizes above .067 inch orifice diameter, the probabi-
l1ity of complete clogging was remote insofar as O-ring particles
were concerned, If O-ring particles exist in a system iIn such
large sizes that they clog the larger orifices, filter protection

- for other hydraulic components having small openings would be re-
qulred and this has not been found necessary. Thus, filters are
' needed for orifices of .067 inch diameter and smaller,

WADC TR 52-153 1




SECTION IT

DEVELOPMENT OF AN ORIFICE PROTECTIVE FILTER DESIGN

NN

Orifice filter element tests were conducted first since
the results of these tests would affect the entire design.

The flrst filter elements tested, were constructed by
winding stalnless steel wire 1n a tubular form with the adja~
cent turns separated by .003, ,005, and .008 inch spaces.

They were simllar to those shown 1in Plate 2 except that the
pointed end shown was then a flat plate with drilled holes for
fluid passage, and the circumference of the plate was threaded
so the filter screwed down into the body.

Initial pressure drop tests at -65°F, with MIL-0-5606 fluid
containing one percent water by volume, showed that the .003 and
.005 sizes would clog during flow conditions. Examination

under g microscope revealed small particles of gelatin-llke
material. New designs were submitted with .00€ and .01l2 inch
spacing between the turns. Cold temperature conditions of the
fluid would not clog either of these filter elements.

The filter elements were then tested to determine thelr
abllity to withstand pressures and flows. Preliminary tests
showed that the high forces induced by the jet action of the
fluld leaving the orifice, stretched the filter elements. Another
force, perpendicular to the first force, caused by the jet strik-
ing the end of the fllter elements, cgused the elements to either
expand or to bresk. The combination of these forces caused near-
ly all of the filters to fail. The ,095 inch orifice with 3000
psi pressure drop appeared to produce the largest jet forces and
this size was used to determine strength adequacy if no falilure
occurred with smaller orifices. Smaller oriflces, which pro-
duced smaller forces, dlid not cause the fllters to fall. The
failures occurred at the welds between the Iindividual coils,
Tests were conducted where the stretching force was eliminated
and the elements withstood the jet action until extremely high
flows were reached.

The -6 size, .0l2 spaced filter fagiled after three minutes
at 2500 psi and 9.2 gpm (gallons per minute). The -6 size, .008
spaced filter faliled after four minutes at 3000 psi and 5.1 gpm.
The tensile load was eliminated by removing the threads from
the circumference of the flat plate on the end, thus allowing
the element to ride free for a short distance along the axis of
the restrictor body. The tensile load was cgused by not turning
the element down tight agginst the seat in the body thus allow-
ing it to stretch until it did reach the seat., Such a condition
could readily occur in servlce.

WADC TR 52-153 2




The -8 sige, .012 spaced filter failed under 2500 psi and
9.i5 gpm with the tensile load present, and at 2500 psi and 9.5
gpm after five minutes with the tensile load eliminated. The
.008 spaced filter, with the tensile load eliminated, failed at
2500 psi and 9.5 gpm after four minutes,

The -10 size, .,012 spaced filter falled after being sub-
jected to 2500 psi and 1li.5 gpm for three minutes, with the ten-
sile load present, and after beling subjected to 3000 psi and 15.9
gpm for one minute, with the tensile load eliminated. The ,008
spaced filter fgiled after three minutes at 3000 psi and 15.8 gpm,
with the tensile load eliminated,

All of the fallures occurred at greater than line size flow
and were duse, as mentioned gbove, to the jet action of the flow
from the orifices.

Present experience indicates that any slize body with filters
should not fgil regardless of the size of the oriflice used, In-
asmich as the jet forces were not considered a factor In the
original filter design, two new types, designed to withstand these
jet forces, were submitted. One was the same brazed steel type
as previously tested except that a pointed breaker was attached
at the end nearest the orifice to break the jet action of the
fluid and the threads were removed to eliminate the tensile load.
The other type consisted of stalnless steel wire, with rises,
wrapped around plnion stock to form fllter spaces and a pointed
end which was slightly different from the brazkd type end as
shown In Plates 1 and 2.

The -8 and -10 slzes in both types were tested with the .095
orifice at 3000 psl without fallure.

The -l and -6 sizes were tested and showed the stainless
steel type to be acceptable., The brazed type -6 size collapsed
from end loads and the -l size broke at the middle in a manner
similar to earlier failures. The Purolator Company revised these
designs to lncorporate a rod iIn the center to take compression
loads. Flow tests were conducted at 3000 psl for five minutes
without fgilure,

The centers were partially drilled out of the stalnless
steel pinion stock type bubt they are stlll comparatively heavy.

, It was not consldered necessary that the filter spacings be
appreclably smaller than the smallest orifice digmeter and in
order to reduce the possibility of clogging and possibly to re-
duce sensitlivity to fluld viscosity changes, the .008 and .012
inth spacings were conslidered to be the most advantageous.
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The .008 and .012 inch spaced brazed type rod reinforced
filters were considered to be the best all around.

Pressure drop tests at various flows were conducted and
are explained later in the report.
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SECTION IIT

TESTS ON ORIFICES AND ASSEMBLIES AND
THEORY ON PRESSURE DROP AND .FLOW

General

Wear and strength tests were required to determine whether
or not the .03l Inch thickness at the orifice was enough so that
the flow characteristics would not be changed throughout the 1life
of the valve, These tests were conducted before the pressure
drop and flow tests since the pressure drop and flow tests would
require considerable work and any chgnge in design should be
accomplished prior to sueh extensive tests,

Wear Test

A flow test to determine wear was conducted at room tempera-
ture on an .067 inch diameter orifice with 3000 psl pressure drop
across the oriflce at 5.2 gpm flow for 10 hours. No significant
wear was noted. Measurements of the orifice diameter with a
measuring microscope, before and after the test, showed an in-
crease of approximately .0005 inches across the diameter in one
direction. At 90 degrees to this direction, measurements across
the digmeter indicated no change. A slight erosion was also noted.
The 10 hour test on the vglve was consldered equivalent to a life
wear test and 1t was concluded that wear or erosion would not be

;a problem., Sée Figure 1B,
’
Impulse Test

Impulse tests were conducted at room temperature on the -6
size proposed design assembly. The valve, with an .016 orifice
and two type SK 18118 rod reinforced filters installed and one
end cgpped, was subjected to 50,000 impulse cycles from O to 3000
psi pressure with Lj500 psi peaks. There were no failures during
the test. The same valve assembly, except for a ,120 orifice in-
stalled in place of the ,016 orifice, was tested for 50,000 addi-
tional cycles without evidence of permanent distortion or fallure.

See Figure 1A,

Endurance Test

The same body and filters, as used in the impulse test, were
endurance cyéled with an .067 inch orifice for 20,000 flow re-
versals. The pressure cycle was from O to 3000 psi with no pesaks.
The assembly did not fall or permanently distort in any way. See
Figure 1B. The fluld was cycled slowly to prevent extreme heat-
Ing. The above test results were considered satisfactory.
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Pressure Drop Through Orifices at Room Temperature

To determine the pressure drop at various flows through
the orifices at room temperature, the test was set up as in
Figure 2A for reasons explained later in this section.

On thls setup, the restrictor flowmeter was cglibrated
by using pressure pickups (explained later). The selector
valve was placed in neutral, the shutoff valve to the flowmeter
opened and flow controlled by the bypass valve on the test
‘stand. The flow was read on the stand flowmeter and plotted
against the deflection on an oscillograph caused by the flow
through the restrictor flowmeter (explained later.)

The tests were conducted as follows:

1., The portion of the test set-up between the No, 1
transfer cylinder bottomed and the No, 2 on top,
or vice versa, was filled with hydraulic fluid
conforming to Specification MIL-0-5606. The air
was bled from the setup.

2. The shutoff wvalve from the pressure llne to the
restrictor flowmeter was then closed.

3. The selector vglve was placed in the neutral
pOSition.

i, The pump was started and varlous line pressures
up to 3100 psi were controlled by using the by-
pass valve. (Test stand line pressure zage not
shown) .

5. The selector valve was placed 1n the position
shown when the desired pressure was reached.
The fluld pushed the piston in the No. 1 transfer
cylinder up, causing the fluid in the upper por-
tion of the cylinder to be forced through the
test restrictor and in turn forcing the plston
in No. 2 transfer cylinder down, which forced
the fluid below the piston in the No. 2 cylinder
back through the selector vglve and through the
restrictor flowmeter. The pressure pickups at
the test restrictor had previously been calibrated
so that the pressure drop across the test orifice
could be obtained, along with the flow, as it
passed through the calibrated restrictor flowmeter.
The actual flow and recording on the oscillograph
could take place in approximately l; seconds.

WADC TR 52-153 9
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Previous experience with testing orifices in the cold
room indicated that the only practical method of measuring flow
and pressure drop simultaneously was by the use of instrumenta-
tion rather than by visual observation of a flowmeter and bour-
don tube type pressure gages., Because of the heating of the
fluid during flow,the duration of flow had to be kept short and
accurate visual reading of the instruments was not possible.
The instrumentalon used, consisted of a 6 channel Miller record-
ing oscillograph, a Miller CD-2 amplifier, strain gage type
pressure plckups, and thermocouples. The pickups conslsted of
1 inch 0D x .120 inch wall thickness 61ST aluminum alloy tubing
with reduced well sectlons at the point of strain gage applica-
tion. A two channel bridge was constructed to permit two press-
ure plckups to form a four arm bridge and wired so that, with
equal pressure on the pickups, the bridge would remain in
balance, An adjustment was provided to permit equalizing the
sensitivities of the pickups. The output of the bridge was fed
directly to 35 cps, 5 micro amp/in. galvanometers in the oscillo-
graph. This arrangement permitted the recording of pressure
drop or flow with one galvanometer trace. One channel was cgll-
brated for measuring flow In the return line and another for
pressure drop across the test restrictor valve. ILine pressure
was recorded by use of the amplifier. Thermocouples on either
side of the test valve and attached directly to 35 eps galvano-
meters gave & record of the fluid temperatures during flow condi-

tionse.

The traces were calibrated by plotting graphs of galvano-
meter deflection against flow rate or pressure drop «s applicable.
From these graphs (not included) the flow rates and pressure
drops were found and plotted.

WADC TR 52-153 11




Symbols Used in Theoretical Analysils

Symbol Description Unit
a Area , Square Inches
C Coefficient of discharge No units
d Diameter of orifice Inches
dy Diameter of tube in Inches
which oriflce is placed
KNR Reynolds Number times con- No units
stant K, which represents
the equivalent diameter of
the particular article being
analyzed. KNR changes for
every test article.
KjC Coefficient of discharge No units
times constant Kj, which
represents the equivalent
area of a particular
article being analyzed.
KiC changes for every test
article,
Nr Reynoids Number No units
PD Pressure drop Pounds per square
inch
Q Flow Gallons per minute
L4 Kinetic viscosity Centistokes
vt Kinetlic viscosity due to Centistokes
temperature,
Nﬁ% Pressure factor on kine- No units

0,

graphy).

tic viscosity. Multiply
% times Yir to get W/

.V, N, g, Py, Po, W3 See Reference 1 (Biblio-

2 in Reference 1 (Bibliography) is in different
units than that listed above.
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Some Theory on Orifice Flow

The test orifices were used with -10 bodies since the
pressure drop through these bodlies is negligible at room
temperature.

The coefficient of discharge C for similar orifices, is a
function of Reynolds Number. Actually the magnitude of the
ratio of the diameter of the orifice to the diameter of the
tube in which 1t is placed (d/dj) and also the absolute size,
as distinguished from relative slze or geometric similarity,
affect the value of C slightly.

The maximum (d/d1) ratié in the test setup was less than
0.2. In Reference 1 (Ribliography), Q is a function of (Q¢)
N /2g(P1-P2)W1 where /2g(P1-P2)W1 1is the head loss. From a
(4/d1) range of 0 to 0.2, the coefficient Qg ) varies only
slightly and the variation can be consldered negligible for
normal room temperature. N changes directly with the area
of the _orifice and inversly to the square root of 1l-(d/di)~.

N = fi a/ag)+. For (8/d1) = 0.2 or less, the square root

term 1s negligible.

According to Reference 3 (Bibliography), the effect of
absolute size on C is generally expressed as a function of the
surface grain size with respect to the pipe dlameter 43, or
as a functlion of the relative roughness of the pipe section
preceding the orifice. This effect, however, 1s small and
may be elther positive or negative, depending on the geometrl-
cal construction of the approach.

It 1s concluded that for normal room temperature and the
range and design of the orifices used, the effect of d/dl and
absolute size on C 1s negligible and cgn be neglected.

At low Reynolds Numbers the curve of NR vs. C changes.
John L., Hodgson, the_ guthor of Reference 1 (Bibliography),
plotted curves of /NR vs. C for various orifices. Individual
VNR Vvs. C curves could be plotted for the orifices but with

the range of orifice dlameters tolconsidered for standardization,
the curves would be almost exactly the same-for /NR = 60 and
above and, as seen from the plotted curve (Figure 5?, the re-
sulting polnts are erratic; therefore, greater accuracy would

be obtained by using one curve for thls portion with very slight
errors in C as explained. According to Reference 1, the slope
of the curve \/Ng vs. C for /NRS less than 1.5 depends on a
constantl)f, Analysis of the data given on\)/ indicated that for
the range of (d/d;) ratios used in the test, the difference in
slope 1is negligible,
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The range of /NRs between 1.5 and 60 was plotted from
test data and followed a definite trend as shown in Figure 5.
A curve of Ng vs. C was plotted to include all of the test
orifices used. (Figure 5) , .

The orifices were measured and henceforth all of the test
orifices will be designated by thelr actual size. Sizes are
.0221, .0295, .0%61, .0LO7, .OL61, .052k, .0586, .0676, 0813, ,
00965, 01092, and |1196¢

Simple equations had to be developed to make calculations.
Basic ecquations for Ng and C are: Ng = VEt/sed) af v ana
C = Q . Y (ft*/fsee)

A'VPD

Flow has been measured in gallons per minute and the graph
for kinematic viscosity vs. temperature is in centistokes so
NRr can be simplified.

Ng =V d
V_
vft/seq) = Qf£d

AFT £

= Q Epm)
R
vEt/sec) = 1k. %
ft/s00) ﬁ 8x60 Alsqg in) =,%321 Q nﬂ

ft 2/sec = K cm %/sec = 1.076x10~3 cm %/sec

£t 2/sec = 1.0763?;10'«'-5 centistokes

¥R = .321 Q (gpm)d(in)

A(sq In)(12)(1.076x10-5¥ es) = 3165 g_%gﬁ%v,

v =V% X‘Ygf where V¢ is kinematic viscosity from tempera-

ture (Figure 3) and?¥ pf is the pressure factor due to pressure
at that temperature (Fjigure l).

Reynolds Numbers and coefficients of discharge were cglcu-
lated and plotted in graphic form on semi-log paper. (Figure 5)

Before the aforementioned method was tried, the narmal ’
tempera ture curve of Ny vs, C was obtained as follows:

The form of the pressure drop curves was parabolic with
an equation; Q=k PDN where k is a constant and n is an exponent.

WADC TR 52-153 1l




Using logs: Log Q = k + n Log PD

This method was used for all the room temperature runs to
determine k and n for each orifice. It was found that n also
plotted a parabolic, curve when plotted against the orifice di-
ameter and n=0,573D(<05725), Using these values of n, averaze
values of k were found for each orifice and these values also
formed a parabolic curve with the diameters of the orifices and
k=13, 25D! «71925) | gherefore, Q=15.25D(1°-7925)PD(-575D)’05725.

Curves plotted with this equation were all room temperature
curves and corresponded within 50 psi in all cases with curves
plotted with the Ny vs. C curve. Some calculated curves gave
higher flow rates and some lower than the test results but
curves calculated both ways were always very close together.
These curves are not included because they were cglculated be-
fore the stand flowmeter was cglibrated, however, the results
serve to further prove the use of one curve for all of the test
orifices and that this curve should be especially accurate at
room temperatures,

Cold Room Testing of the Orifices

Since the determination that an Nyr vs. C curve could be
plotted, the temperature did not necessarily have to remain at
-65°F, The simple setup shown in Figure 2R was devised for these
tests and the flow was controlled by chgnging the angle of the
variable volume pump instead of using the bypass valve. In thils
mgnner the fluid did not warm up so rapidly. The Revere flow-
meter was calibrated and the Lewis temperature potentiometer
was checked for accuracy. If the temperature increased to -55°F,
the fluld was allowed to cool down before continuance of tests,

The pressure drop was obtained by subtracting the reading
on the return side of the test valve from the reading on the
pressure side, The flow was read directly from the flowmeter
and corrected. Temperature was read from the potentiometer,

Lline pressure, back pressure, temperature, and flow were
recorded and NrR and C were found and plotted on the low end of
the Ng vs. C curve. This was done for all orifices and the
points followed a definite trend so the curve of Reynolds Num-
ber vs. coefficients of discharge was plotted for the complete
temperature range of all the orifices.

WADC TR 52-153 15




e ——————

drit3s LSIL FATVA HQLOIMLSITY WOoY Q100 -84C FHM9/4

RS
‘dWAd A0 HTONY o XNFLIWMOLS
FJONYHI O.L JT1ANVH ININMNL A9 96/L 'ON WIdTS IFHIATY

QITIONLNOD LSHL HOS MOTS
WA AWNTo/A FT8VIHVA

T —
_ 5 .
!
| _
|
_ ,_
| _
| ! \ HOUIINLSIS
_ _ JIATYA 2534
. aNVIS 1571 | SSYJAE SHTLIWOILNILOL 0L
| S TFTdNOOOWHTHL
| |
| |
_ -~ YN IS I I
|
|
|f———————— e e |

JFov9
1sd QQOE -0

Jovo
I15d 002-0

16

WADC ‘R 52-153




Use of Reynolds Number vs, Coefficient of Discharge Curve

The NR vs. C curve is shown In Figure 5. It 1s seen that
after a Ng of approximately 1200 the coefficient of discharge
becomes constant at 26.75. This means that with a 200 psi
pressure drop and MIL-0-5606 at approximately +69°F or above,
all of the orifices have the same coefficient of discharge.

With a higher pressure drop or using the larger orifices, the
constant coefficient of discharge can be at a lower temperature,
With the .120 orifice and a 200 psl pressure drop, the coeffi-
clent of discharge would be constant for this orifice at approxil-
mately +3°F and higher. '

For all orifices within the temperature range where C=26.75

the equation for the flow vs. pressure drop curve is Q=26.75 AX

VPD. This equation was used for all of the calculated curves
shown with the test curves in Figures 6 and 7.

For the cglculated curves at -65°F, the following method
was used:

Ng = 316; Qq/%f and QzCA\/PD

316; CA ;4;@ = 2h8%Cd 3§PD
p P

Vvt at -65° is approximately 1700 éentistokes according
to Figure 3,

Ng = 1.462 Cd /PD
Vpt

Various pressure drops were chosen to plot a full curve.
The pressure drops used were 600, 1200, 1800, 21,00, and 3000 psi.
At 600 psi pressure drop, assuming the pressure after the orifice
to be zero, 4/pf is approximately 1.15 (Figure l;). The pressure
before the orifice should be used to determine this factor A/ pf;
however, the pressure after the orifice was considered zero for
all of the plotted curves, therefore, pressure drop in terms of
pesl was also considered the pressure of the fluid before the
orifice. At 600 psi pressure drop, Ng = 31.15 dC and Q = CA (2.5
The .067 inch orifice gilves Ng = 2.085C, With a slide rule and
Figure 5, Nr is found to be 5%.75 and C is 28,1, which gives a
flow of 2.li25 gpm. Thus, the flow for 600 psi pressure drop
through an ,067 inch orifice at -65°F is 2.),25 gpm.

Nr

WADC TR 52-153 17
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This method was used to plot all of the -65°F pressure
drop vs. flow curves., Other ftrial and error methods could
be used but this method proved quick and convenient. The
curves are shown in Figure 19, The test curves are shown
with their respective temperatures in Figures & and 9.

Pressure Drop Through the Filters

Attempts were made at the beginning of the project to
find pressure drop and flow at -65°F on some of the filters,
These attempts were not altogether successful, however, because
the fluid warmed up during runs and data could not be obtained
for -65°F temperatures. The test setup was similgr to that

shown in Figure 2B,

The test setup was removed from the cold room and the
normal room temperature runs were made with and without filters
installed. Test results showed that two .008 spaced filters
in the -l body increased the pressure drop by only 6.9 psi at
2.5 gpm., Two .012 spaced filters in the -l body increased the
pressure drop by only 7 psl at 2.5 gpm. Two .008 spaced fillters
in the =& body increased the pressure drop by only 10 psi at
12 gpm and two .012 spaced filters in the -& body increased the
pressure drop by only 10 psi at 12 gpm.

It was concluded; therefore, that the pressure drop of
the filters would not be a problem at normal temperatures.

The normal temperature runs were conducted as already ex-
plained and the test setup was constructed as in Figure 2B and
placed in the cold room.

During test runs the fluld tended to warm up but the
temperatures were taken and a means devised as follows to con-

vert the points to -65°F:

Using the Reynolds Number and‘coefficient of discharge
equations for orifices:

Np = 3165 Q and Q = CA /PD
R i‘j&?‘d

The only vglues unknown are the equivalent diameter and area
which can be called constants K and Kj respectively.,

NR = 16 Q
K %7 or KNg = 3165 Q where Q was obtained

from test results and 49/ from temperature and pressure before
the orifice by using Figures 3 and || as previously explained.
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K1C = 2 where 2 and PD are taken from test results.
wWith these formulas, XN vs. K30 curves can te plotted from
test results as shown in Figures 11,12,17, and 193,

The values for the calculated pressure drop vs, flow curves
can Ye found by several tria’ =snd error methods, One method
(used in Tanles II, IV, VI, VIIL IX, and XII) is to choose var-
fous flow rates, knowing the corresronding fluid temperatures
(-65°F ), and estimating pressure drop to find vpf. The kine-
matic viscosity is then found by use of Figures 3 and L and KNp
found fror the formula above. Xnowing KNR, KqC 1s found from
the KN vs. K1C curve and knowing K1C, the pressure drop can be
found. If the calculated pressure dron does not correspond to
the estimated value, the procedure rmust e repeated until it
does correspond.

The =% size restrictor was completely analyzed for =-65°F
operation., Refer to Figures 10, 11, 12, and 13. The warming '
of the fluid through the first filter and the orifice had to be
determined separately. The temperature before the -8 test body
with an .012 spaced brazed fllter upstream was taken from a
potentiometer on the urstream side of the test body, and the tem-
perature after was taken on a potentiometer on the downstream .
side of the test body. A curve was plotted for flow vs. temper- ’
ature rise as shown in Figure 10. The same procedure was used
with only the .067 orifice in the -& test body and a flow vs. -
temperature rise plotted for it as shown in Figure 10.

The .067 orifice in the -8 body was tested in the cold
room and a KN vs. X3C curve plotted for 1t. For various flows
within the .067 orifice range, the temperature was found from
the flow vs. tempserature rise curve of the upstream fllter.
These temperature rises were subtracted from -65°F and flows
and temperatures are known so, by trial and error, a flow vs,
pressure drop curve can be calculated and plotted using the
KNp vs. KiC curve for the ,067 orifice. See Tables I and II.

A KNR vs. K3C curve was plotted from test results on the
.012 spaced -8 filter upstream in a -8 body and a pressure drop
vs. flow curve calculated for -565°F, The body pressure drop was
subtracted and the pressure drop of the fTilter only at -65°F
was added to the .067 calculated curve. A test with the fllter
upstream and .067 orifice in a =8 body confirmed this curve
when corrected to -65°F, See Tables III, IV, VII, and VIII,

With the .012 filter downstream and in the -8 body, tests
were conducted and a KNp vs, C curve plotted., The temperature
before this was determlned as %he temperature of the fluld after
passing the first filter and the orifice, and was found from the
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temperature rise vs. flow curve, By trial and error, a pres-
sure drop vs. flow curve was plotted fcr the filter with the
temperature of the fluid as determined above. The body pres-
sure drop was again subtracted and the pressure drop of the
filter only was added to the orifice plus first filter curve.

A test was run with both filters and the .067 orifice and corr-
ected to -65°F with its KNgR vs. K%C curve, resulting in the
same curve as calculated with the individual tests. See Tables
v, VI, VII, IX, XI, and XII.

The following is an example of the steps necessary to
determine the above results on the -8 assewbly with an ,067
orifice, considering that the temperature of the fluid before
the assembly is =-65°F:
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The cold temperature test results of the .067 orifice
in the -8 body with no filters are shown in Table I. The
kinematic viscosity at the temperatures from the test (Figure
3) are multiplied by the pressure factor (Figure l;) for the
kinematic viscosity at that temperature and pressure tested.
(See Figure 12)

TABLE I
Cold Temperature Test Resaults of .067 Orifice in -8 Body
and Cglculated KNR vs. K;jC
Flow | PD | yFD ’ Pemp. | V& | Ybr KNg | K€
GPM PSI oF cs

1.90 };00 20.0 | - 1050 1,09 | 5.25 +095
3.00 200 28,3 -§§ 920 1.20 | &.60 | 1.062
E.75 1200 Ru.s -5 920 1.35 | 9.55 | 1.083
.38 | 1600 0.0 | -5l &80 1.52 [ 10.35 | 1.095
5.08 | 2000 L7 | -53 820 1.68 | 11.65 | 1.135
5.70 | 2L0o 1%,9 | -51.5| 750 | 1.85 |[12.95 | 1.163

To get the cgleculated flow vs. pressure drop curve after
the fluld has passed through the upstream filter, various flow
rates are chosen, and the temperature rise through the up-
stream filter is found from Figure 10. The kinematic viscosity
due to temperature (V¢ ) is found from Figure 3 and Vi must
be determined by trial gnd error, however, close approximations
can be made by referring to the cold temperature 067 orifice
curve, caglculated previously, and finding the pressure drop,
then referring to Figure L to approxlmate v o KNp 1s calcu-
lated and K;C taken from Figure 12,

TABLE II

Cold Temperature .067 Oritice in -8 Body Calculated Flow
vs. Pressure Drop After Passing
Upstream Filter

Flow Temp. | Vi ot KNR K10 P D
GPM °F. cs PSI
-6l.ly | 1580 | 1.27 .73 | .099 917

Z -6L.1 | 1550 | 1.57 5.20 | .100 | 1600
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The .012 spaced brazed filter was tested in a -8 body in the
cold room on the upstream side of an orifice plug which was bored
out. The procedure 1s as before to determine the KNpvs. K;C curve
for this filter. See Figure 1l.

TABLE III
Cold Temperature Tests on .012dSpaced Fllter Upstream in -8
Body
IFlow PD JFD Temp N ~pf KNy | K
GPM PSI °p, cs
L 4y5 95 9.75 -6l1.5 1610 1.01 8.7 | 456
T.00 155 12.42 -63.5 1520 l.Oz 14.00 .563%
10.40 210 1L.L8 -£1.5 1340 1.0 2%.60 718
12.10 210 1L.48 1 -57 1050 1.04 35.00 835

The fluid before this filter mustbeat -65°F; therefore, the
-65°F pressure drop vs. flow curve must be found. The fluild
before this filter is actually at the pressure requirbd for the
various flows to pass through the filter body and the .067 inch
orifice assuming zero back pressure. Assuming the pressure be-
fore the filter 1s only enough to force fluid through the filter
and body at various flow rates and also assuming realistic v'pf's
to correspond to these pressures, close approximations of the
actual pressures can be found. Adding these pressures to those
required to force fluid through the .067 orifice at these same
flow rates will glive the pressure before the filter close senough
for the accuracy of the graphs.

TABLE IV
Cold Temperature Calculstlons for .012 Spaced Filter Upstream
in a -8 Bored Out Body
Flow Temp | V% Approx. KNg K3 C Filter
GPM oF, cs ~/ pf Alone
P D PSI
2 -65 1700 1.010 3.63 «305 L43.0
z -65 1700 1.010 5.5 376 63.6
-65 1700 1,020 T30 1130 86.5
5 -65 1700 1.020 9.12 1180 108.5
6 -65 1700 1.025 10.93 «520 133,0
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TABLE IV (Cont'd)
Cold Temperature Calculations for .012 Spaced Filter Upstream
in a ~& Out Body |
Flow Press before 1fbf KNp K;C Filter
GPM Filter with and Body
.067 in Orifice P D (PSI)|
2 1,90 1.125 31 | .300 46.0
E 980 1.270 3.39 340 78.0
1686 1.585 | k.69 350 130.5
5 2608 2.030 li.58 <305 210.0
6 3799 2.650 Lh.21 «335 320.0

The .012 spaced filter downstream, passes warmed-up fluld
after 1t has passed through the first filter and the orifice.
The degree of warm-up ¢an be found from Figure 10 by subtracting
the tempersture rise through the ,067 orifice from the tempera-
ture previously showmn before the orifice. The test resilts are
shown first, then the calculated results, approximating pressure
drops and finding the corresponding Vpf's until the approximations
agree with the calculated pressures. See Figure 11,

TABLE V

Cold Temperature Test Results .012 Spaced Fillter Downstream
in a - & Body

Flow PD JPD Temp | af | VDE KNR K, C
GPM PSI o cs
75 95 9.75 -5 | 1120 | 1.01 16,6 +590
.15 75 g.66 -5¢ | 1120 | 1.01 11.6 479
8.45 | 160 12.63 -5 1050 | 1,025 | 2L.8 669
10.55 190 13,77 -5 1000 | 1.04 32.0 <767
TABLE- VI
Cold Temperature Calculations on ,012 Spaced Fllter Downstream
After Passing ,067 Orifice and Pirst Filter
Flow Temp ~pf ) RN K, C PD
GPM °F. ’V%s R 1
2 -6L.2 | 1560 1.00 .07 290 746
ﬁ -6307 1530 1.00 6.20 . 60 290,4
-59.5 | 1150 1.00 10.90 | h75 71.0
5 -55,2 €95 1.00 18,50 .610 67.2
6 =03 525 1.00 35480 .800 56,2

N
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The test results of the -8 body with a bored out orifice h
plug are shown below. Calculations were made as before. See
Fig‘ure 11,

TABLE VII
Cold Temperature Test on the -% Bored Out Body )

Flow PD | VPD | Temp | ~% Vbt KNR K310

GPM PST °F, cs

1.2 10 Z.lb -6l 1580 | 1.005 2.39 «380

2.9 20 A7 -6l 1580 | 1.005 5.77 67

%.8 0 5.47 -65 1700 | 1.010 g.82 876

11.15 70 8.36 -65 1700 | 1,015 20.1i5 1.335

The pressure drop of the body should be subtracted from the
pressure drops of the filter and body combined to arrive at the
pressure drop due to the filter only. On the upstream filter,
consider the body at the pressure and tempera ture of the fluld
before the filter (-65°F) assembled with the ,067 orifice. {

TABLE VIII

-8 Body Bored Out at Pressures Equivalent to Upstream Filter .
and .067 Orifice Assembly at Various Flows ‘

Flow Temp Press. ~pf KN K3 C PD
GPM °F. NQE See R
Table IV
2 -65 1700 190 1.125 2.31 47 18,2
-65 1700 1686 1.585 | 4.69 | .58 47.6
5 -65 1700 2608 2.050 | L.58 | .57 770
6 -65 1700 3799 2.700 | L.13 | .54 1211.0

Pressure Drop Due to .012 Filter Upstream Under Fluid Condltiong
of -65°F. and Pressure Required of .,012 Filter, Body, and .067
Orifice for Various Flows

Flow «012 Fllter & -8 Body .012 Filter
GPM Body, Table IV

2 L6.0 18.2 27.8

3 78,0 28.7 L9.3
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TABLE VIII (Con't)

Flow .012 Filter & -8 Body .012 Filter
GPM Body, Table IV

N 130.5 L7.6 82.9

5 210.0 77.0 133.,0

6 220.0 12,0 196.0

To find the pressure drop of the body with the downstream
filter, the same procedure is followed where the temperature 1is
the temperature of the fluld before entering the filter (Table VI)

and the pressure ls the same as shown in Teble VI.

TABLE IX

-8 Body Bored Out at Pressures and Temperatures Equivalent to
Downstrsam Filter at Various Flows,

Flow| Temp. L Press.
GPM | °F. cs See pt KNg K¢ | P.D.
Teble VI
2 -6l.2 1560 L6.0 1.00 .0 +535 1}.0
-59.5 1150 71.0 1.00 11,00 .960 17.4
5 -Ez.a g95 67.2 1.00 18,70 1.270 15.]
6 - 03 525 5602 1.00 36010 1.630 13.6

Pressure Drop Due to .012 Filter Downstream in Complete Asserbly
With Filter Upstream and .067 Orifice (at =65°F.)

Flow .012 Filter & -8 Body .012 Filter
GPM Body, Table VI
2 7.6 1.0 33.6
E %9.& 18,6 50,8
71.0 17.4 53.6
5 67.2 15.h 1.8
6 5642 13,6 22.6

The pressure drop at the various flows 1s the total of (1)
the pressure drop of the .067 Orifice and bored out body, Table II,
plus (2) the pressure drop of the filter upstream, Table VIII,
plus (3) the pressure drop of the filter downstream, Table IX.

See Figure 13,
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TABLE X
Pressure Drop at Various Flows and -65°F. (.67 Orifice and
2 Filters in a -8 Body)
Flow | .067 Orifice| .012 Spaced .012 Spaced Total
GPM | and -8 Body, | Filter Upstream, Filter Down- PD
Table II Table VIII stream, Table IX

2 L7 27.8 33.6 08.1
ﬁ 917 49.3 50 s 101 .1

1600 82,9 173 .5
5 2500 135.0 zl 8 68l .8
6 3660 196.0 3898 6

To check the results, a test was run with the assembly.

(,067 orifice, -8 body, and 2 (,012 spaced)filters,) See Figure 12.

TABLE XI

Temperature Test of

-8 Assembly, .067 Orifice, 2 Brazed .012 Spaced Filters, Colé

1 PD Terp. KN X.C
Pﬁw PSI vPD °;? ’%i Vpr R t
1.%0 350 18.7 -6l 1580 1.07 2.61 .0750
+65 730 27.2 -61 1200 1.20 5.37 .0975
<35 1140 23,7 -60 1220 1.32 6.57 .0995
.00 1535 ) -59 1180 1.52 7.06 .1020
45 1925 23.1 -58 1085 1.71 7.60 .1010
&3 2350 L8.5 -57 1050 1.90 7.66 .0995

On the calculated curve for -65°F., the factor vpf 1is

approximated nsing the values of pressure obtalined in the com-

pletely analyzed assenbly.

If these values are different, the

procedure is repeated until the approximated pressure is the same

as the calculated pressure drop.

See Figure 13,

TABLE XII
. Calculated -65°F. Pressure Drop vs, Flow (-8 Assembly)

Plow Tenp. KN K,0C PD
GPM °F. ‘Vgs ot R !

2 =65 1700 1.125 .31 .08%0 516

3 -65 1700 1.300 Z.ao .0955 99l

L -65 1700 1.600 .66 .0970 170

5 -65 1700 2.075 L.L7 .0970 2268

6 -65 1700 2.650 .21 .0955 3960
WADC TR 52-153 36
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From the foregoing results, the KNy vs, X7C curves for the
-8, 012 spaced elements are considered accurate. These curves
can be used to find the pressure drop vs. flow curves for any
«012 spaced fllter element. Assuming that the flow is distri-
buted evenly, pressure drop per space 1s the same as the pres-
sure drop for the whole element. KNy vs. KjC curves for each
space in a filter upstream and a filter downstream must be made,

Pressure drop vs. flow curves for -65°F [luld were plotted
for the -8 filters from the KjC vs. KNg curves on Figure 11 and
are shown on Figure 1h. : \

Each -8 fllter has approximately 750 spaces and, assuming
each space takes an equal amount of flow, the flow points on
the pressure drop vs. flow curve of the filters are divided by
750 to get pressure drop vs. flow per space at -H5°F, From
this curve the KiC vs. KN curves for each space (upstream and
downstream) are plotted as shown in Figure 15, From this curve
the pressure drop through any .012 spaced filter can be found
by dividing the flow by the number of spaces to get flow per
space, finding KNR for the space, then finding K;C from the KNg
vs. K1C curve (Figure 15)and calculating the pressure drop.

The KNr's for the upstream filter can be found by consid-
ering the fluid at -65°F., The fluld »efcre the downstream filter
has warmed up through the first filter and through the orifilce,
The amount it has ~warmed vp is known for the -2, .057 inch
orifice asserrbly, as shown iIn Figure 10, but 1s not known for
different sized filters and smaller orifices., Within the limits
of orifice and fllter sizes to be tested, close aprroximations
of the fluld warm-up temperature through the upsbtream filter and
orifice and before the downstream fillter, can be made by assum-
ing the warmup is a functlion of pressure drop through the assenm-
bly. In other words, 1f the temperature rise vs. flow curve and
pressure drop vs. flow curve is known for one assembly, a temper-
ature rise vs. pressure drop curve could be established which
would aprroximately apprly to all of the assemblies tested, Thils
should give a close approximation because as the .012 spaced
filters decrease in size (contain fewer spaces) the temperature
rise should Increase very slightly for a certain flow, probably
not a measurable amount with the equlipment used, and the fluld
temperature rise should increase with the same flow veloclty as
the orifice diameter decreases; however, the velocity of the
flow for the same pressure drop decreases as the orifice size
decreases becauvse of the lower coefficlent of discharge at low
Reynolds Numbers. “ith the decrease in velocity,the temrerature
rise should =still incresase a small amount, probably enough to can-~
cel out the decrease due to the low flow through the filter on
small orifices.
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Knowing the flows and temperature rises for the -&, ,067
orifice assembly, the corresponding pressure drops for the flows
at -65°F are found. These temperature rises are considered to
be the same for the same pressure drops as explained above.

The following 1is an example of the -6, .,059 oriflce assembly:
Consider /j20 spaces on the -6 filters (.012 spaced).

FPilter Upstream

Pressure Drop (psi) | Approximate | Flow/space | Temperature °F
of Assembly Flow (gpm)
at -65°F
3000 .20 .01000 -65°
930 2.30 .005,4 =65°
170 .80 .00190 -65°
Yt ~'pf "KNr |K3C Approximate
Pressure
Drop
1700 2.35 .00782 | .000633 250
1700 1.30 .0078l, | .000635 75
1700 1.0l .00340 | .000LL0 19
Fllter Downstream
Pressure Drop (psi) Approximaté Flow/space | Temperature °F
of Assembly Flow (gpm)
at -65°F
3000 Iy, 20 .01000 -51°
170 .80 .00190 -6l .5°
~t ~pf KNR K;C Approximate
o Pressure
Drop
700 1.015 .04580 |.001170 78
1340 1.010 .01278 | .000698 61
1600 1.003 .00375 | .000365 27
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i

Flow |Upstream + Downstream Total Pressure Drop

PD PD
. 4135 250 + 78
2.3 15 + 61
8 19 + 27

By the foregoing method all of the curves on Figure 16 were
plotted.

7

H i

Various pressure drop ve. flow curves are shown in Figures
17 and 18 with various oriflces, bodiles, and .008 and .012 spacing.

Figure 19 shows an overall picture of the results with -65°F
and room temperature curves for all of the orifices, and the fllter
pressure drop is included for the .067 and smaller orifices. The
body pressure drop should be added to each after the body design

is determined.
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SECTION IV
DISCUSSION ON DESIGN

The -); assembly was discarded because of the high sensi-
- tivity to fluld viscosity changes inasmuch as one of the pur-~
poses of the development was to provide a valve with low
sensitivity to fluld viscosity changes.

The =10 assembly was also discarded because of the welght
and size pensalty involved. Plate 3 shows the relatlive slzes of
the assemblies, ~10 being the largest.

The problem then was to determine whether to use the -6 or
-8 assembly, or both, as standard.

After comparing the -6 and -8 assemblies both welght-wise
and performance-wise, 1t was decided that the slightly better
flow characteristics of the -8 assembly over the -6 asseémbly
did not warrant the extra size and weight. The -6 assembly was
then chosen as probably the best assembly on which to standard-
ize, for orifices .067 inches in diameter and smaller (the sizes
which need filter protection). See Plate li.

To determine whether or not the length of the -6 assembly
could be decreased, one-fourth of the filter spaces on both
filters in the assembly were closed wlith silver solder. This
would decrease the filter area and, therefore, the length of the
assenbly by about 1/2 inch. They were then tested for pressure
drop at =65°F to determine how much the decreased filter length
increased the pressure drop. The test results are not shown,
however they were almost exactly the same as the calculated re-
sults. The pressure drop of two of the plugged filters using
the ,067 orifice diameter in the assembly with these filters 1s
shown in Figure 16 to compare with the unplugged filters and
.0AT orifice. (The ,067 orifice is the maximum size filter pro-
tected orifice; therefore, had the highest flow and pressure drop
' per space.) The results show comparatively high pressure drop;
therefore, it is recommended that the length remaln as presently
designed.

To use the ~6 size assembly and still have 1t applicable
to all sizes of tubing it would be more desirable to use
AND10050~-6 bosses so that reducers or unions can be used depend-
ing on the size of the tube. A proposed assembly for the 067
orifice diameters and smaller 1s shown in Figure 20 with the
rod reinforced center braozed steel fllter element preferred over
the stainless steel pinion stock element because of its lighter
weight. The filter is the same as Purolator No. SK18118 with
rod reinforcement,
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For the orifices above ,067 inch diameter, which require
no filters, a -8 assembly orifice plug is suggested (Figure 21).
This size 1is recommended because the d/d; ratio will be smaller
and reduce the slight difference In the coefficlents of discharge
for the large and small orifices and the larger body size re-
quired would be less sensitive to fluid viscosity changes. This
1s needed especially with the much higher flow rates that pass
through the larger orifices to give a certain pressure drop.
This -8 assembly plug could use ANZ9)l; - Bushings - Screw Thread
Expander, for adaptation to various lines up to -8 size, The
plug ends have 7/4 - 1l NF threads and could be made into AND-
10056 ends so if the lineswere ~-10 size, the plug could be fast-
ened directly to the line with AN818 Nuts. It should have some
distinguishing feature, such as a longer length, so it would
not be erroneously ldentified as an ANZ15 Union, because use of
this plug in place of the unlon could result in serious conse-
quences., In view of the small number of =10 lines used in alir-
craft and problems which might result, 1t does not seem practical
to put AND10056 ends on this plug. Another design having
AND100O50 ends 1s shown with the above suggested designs in Figure
21,

Before standardizing on any of the designs, the recommenda-
tions of the Bureau of Aderonautics and Industry will be requested,
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SECTION V
SUMMARY

The requirements outlined for the two-way fixed restric- .

tor valve covered by this report are as follows:

1., Must be designed for 3000 psi operation.
2, Low sensitivity to fluld viscosity changes,
. Light welght.
E. End bosses to provide maximum adaptability to AN
standard fittings.
5. Reliability in service,

It was known that a simple orifice type restrictor could
be designed to meet all of the requirements except possibly
low sensitivity to fluild viscosity changes. Through research,
it was found that a thin wall orifice (approximately sharp
edged) would produce a desirable low sensitivity to fluid vis-
cosity changes so the orifice type vglve was decided upon.

Industry submitted an orifice range (.016, .022, .028, .033,
oko, .oL6, .052, .059, .067, .08l, .095, .109, and .120 inches c
diameter) to be considered for standardization. Experlence
indicated that orifices below ,070 inches in diameter should be
protected by filters. Filters were designed and tested with
various spacings petween adjacent turns of stainless steel wire
used as the filter portion., Tests iIndicated that .008 to ,012
Inch spacings would be desirable since these spacings would pro-
vide adequate protection for the smallest (.022) orifice tested,
and would have comparably low sensitivity to fluld viscosity
changes.

Flow and pressure drop tests were conducted on the filters
and orifices at room temperature and -65°F. Graphs were plotted
of flow v, pressure drop for each orifice,

Of all of the vglve assemblies tested, the -6 assembly was
considered the best over all design from the standpolnts of per-
formance and welght, This assembly would have AND10050 boss
ends (Figure 20) and would be used for all of the orifices re-
quiring filter protection., The -8 assembly plug was considered
best for orifices above .067 inches in diameter (Figure 21).

Figure 19 shows pressure drop vs. flow at room temperature
and -65°F for all of the orifices and also curves including the
orifice and two filters in the -6 assembly at -65°F,
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